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RELATIVE IMPORTANCE OF VARIOUS SOURCES OF DEFECT-PRODUCING HYDROGEN INTRO-
DUCED INTO STEEL DURING APPLICATION OF VITREOUS COATINGS 1

By DWImIT G. MOORE, MARY A. MM-ON, and ‘WILLIAMAT. HARRISON

SUMMARY

When porcelain en5nw19 or vitreow+type ceramti coatings
are appl~d to ferrous ?netuh, there i8 believed to be an evolu=
tion of hydrogen gas both during and after b firing opera-
tion. At elevated tempertiuwx rapid eoolwbn may mstdt in
blistering while ij hydrogen bewnu-s trapped in the steel during
tlw rap-d cooling following the firing operaiima gax pm-wuxes
muy be genmated at the cazting-metd inteq%ce and j?a.kes of
the coaiing 11-t.eraUyblown 0$ the m@aL Th~ luti.er type of
defect is known w fish.makg.

Although the behuzior of hydrogen in the coa$ing+ted sy~m
ha ?’eceivedconskerable 8tudy, i%? relatwe importance of th+?
different possible sources of the hydrogen eating the defects
hus been principally a malikr of conjecture. To detemnine ex-
perimentally tlu relatwe importance of the prinzipa.1 sourca,
a promdure was demkd in which heavy hydrogen (Mum)
was sub8tW.ed in turn for regular hydrogen in each of jive
possible hydrogen-producing opera.timw in tlw”cxxu$ingprocess.
The gm? tha# was eoot?vedwhen the coded steel 8peeinw7w fih-
waled a+r firing was cd?.ected and anulyzed with the muss
spectrometa. The content. of the deuhwium ixotope in the total
hydrogen gas evolved wds tlwn taken m a measure of% rel.a$we
importance of the source under stwdy.

The findings oj the stwdy were m jollows:

(1) The principal sourw oj h deject-producing hydrogen
was the dis801.vedwater pret’ent in the ennmel jrit that was in-
corportid into the coating. This water apparently reads with
the steel at eleva.tzd temperature, rel.awing atomic hydrogen,
some of which is dissolued by the steel. During fast cooling
th-? 8teel becomes supersaturated with respect to hydrogen and
t.hs alomlc hydrogen slowly dij@wx to the int.erjace where it
collects in minule caoities or @-uxe8, forming mo.km.dar

hydrogen. This movement i-sirreversible and suwt pressure
bui?d.sup to cutie fihscding in h coating layer.

(2?) The acid pickling, the milling &, the chemically

combined water in the clay, and the quenching water were all
minor sources oj deject-producing hydrogen under the test
conditions used.

Con@ming experimd showed thd jish.scding cowld be
elimintid by using a wa%+we coding. E$oz% to produe

a Water-free frit, ~or glum, by wing dehydrated raw materiak
in conjunction with electric-furnace wnelting and water-free
qwnching 8howed thd d a method has promise.

OtheT experiments indicai%d that reboiling @hebliststing of a
vitreous coating when reh.eal.ed ajter the first ji.ring) wus also
?%ku2dto the dimolved wd.er in the coaiing layer.

INTRODUCTION

Several investigations, especially over the past decade,
have established that hydrogen is a major cause of coating
defects when porcelain enamels are applied to a steel base
(refqw.ncw 1 to 3). There have, however, been considerable
uncertainty and difference of opinion s.5to the major source
or sources of the defect-producing hydrogen.

The propose of the present investigation was to study the
possible sources and to evaluate their relative importance.
With such information available it was believed likely that
methods or procedures could be devised whereby coatings
free of hydrogen defects ‘ might consistently be obtained.
It was also believed likely that the results obtained with
porcelain enamel on steel would be applicable when vitreous-
type ceramic coatings are applied to steel and to the so-
called low-strategic alloys. Because of this connection with
ceramic coatings md the growing importance of ceramic
coatings to the aircraft industry, the investigation as herein
described mis performed as a part of a broad study on
ceramic coatings being conducted at the ATationalBurem of
Standards under the sponsomhip and with the financial resis-
tanceof the National Advisory Committee for Aeronautics. .

The authors gratefully acknowledge the valuable assistance
of the Mass Spectrometry Section of the ATationalBureau OY
Standards, under the direotion of Dr. F. L. Molder, for
performing the mass-spectrometer analyses.

POSSIBLE SOURCES OF HYDROGEN IN ENAMELING PROCESS

Some hydrogen is usually present in the steel as received
and additional hydrogen may be introduced at several stages
of the enameling process. The first and most obvious
source is the acid-pickling operation. During this treatment
the acid reacts with the steel and part of the hydrogen thus
formed may be readily occluded by the metal (reference 4).

ISfJpemed.aNAOATN 2317“Re?dve Im rtaueeof Voiion.YSQIUWSof Dofeot-PmlnolngHydrcgenliIhodne&lintoWedDm5ngApplkntbnof Vitreons&CatbIgS’Jby DwightG.
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c&&~h&mWg k thebkteringat aboutW.@ F of a vikwuaecdng whenitisrehmtedaftertheII& &.

atthemating-metalInterf&e.PrbnmYbotlingk therapd bubblingof eenamekyerdurin theeerlystwa of&ingmusedby thees-camofenbFIP@andevolved

269



270 REPORT l12&NATIONAIJ ADVISORY COMMITTED FOR ADRONAUTI(X
.

The second possible source of hydrogen is a reaction of
‘hwnin the steel with any water that may be present in the
enamel layer during the - operation. When iron is
heated to enameling temperature in the presence of steam
the following reaction takes place (reference 5):

Fe+ H,O~FeO+H,

This reaction would proceed as show-nif the hydrogen were
continuously removed from the system. Such removal
could occur in the enamel-metal system either by em.apeof
the hydrogen through the enamel layer or by solution into
the steel. If it passes into the steel, it then becomes capable
of producing enamel defede.

Tha water that might come in contact with the hot steel
during the firing operation could conceivably originate from
one or more of the following sources:

(1) The water vapor that might be present in the furnace
during iiring

(2) The water used for milling and suspending @e enamel
8tiJ?

(3) The chemically combined water in the clay used for
suspending the enamel slip

(4) The dissolved water in the frit ~ -
The water dkolved in the frit could, in turn, be derived

from: (a) The water-present in the batch materials, (b) the
water present in the atmosphere of the smelting furnace,
and (c) the water used in quauching the molten glsss to
form the small Klable frit particles.

Some attention ww given to all of the above-mentioned
sources, but the eflect of the water vapor present in the
atmospheres of the smelti@ and enameling furnaces and
the effect of water present in the raw batch materials used
for preparing the hit were not studied by tracer techniques.

USE OF DEUTERIUM (HEAVY HYDROGEN) AS A TRACER

Deuterinm is an isotope of hydrogen.- It differs from
protium (ordinary hydrogen) in that its nucleus coptains a
neutron ss well ss a proton whereas protium contains a
proton only. Because of the d.ifferancein maw (deuterinm,
2; protium, 1) the two isotopes can be readily separated with
the msss spectrometer and, by using the proper techniques,
the relative amounts of each that me present in sny given
sample can be determined qumtitatively. Deuterinm and
protium have almost identical chemical propertim and their
physical properties are similar. Thus, deuterinm can be
used as a tracer in many reactions. The volubility of
deutbrium in iron has been determined by Sieverts, Zapf,
and lMoritz (reference 6). ‘l?h~e data are plotted in iigure 1.

In the present study, deuterinm in the form of heavy
watm (DZO) was substituted, in turn, for ordinary water
(H20) i-n each of five d.iilerentprocesses that are related to
enameling operations. The gases given off when the result-
ing coated specimens fishsc.sledwere collected and analyzed
with the ma9s spectrometer. The percentage of deuterium
in the hydrogen gas was then computed and this figure wss
taken 88 a measure of the importance of that particul~
source in producing hydrogen defects in the enamel coating.
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The methods used for substituting heavy water for regular
water in the various operations are given in the section
antitled “Methods of Introducing ‘Heavy Water.’) The
procedure used for collection of the gssee during iishscaling
and their subsequent analyses are given in the section “Test
Equipment and Procedure.”

MATERIALS

The deuterium oxide, which was obtained from n com-
mercial source, contained 99.8 percent hea~ water and 0.2
percent ordinary water. It wns received in 100-gram
sealed flssks.

Two steels &re used in the principal part of the Btudy.
,Steel A -ins 18-gage enameling iron while steel B wns a
10-gage low-carbon steel that had given considerable trouble
from delayed Mwxding in one enameling plant. In acldi-
tion a titanium-bearing, low-carbon, 18-gage steel was
used in a few experiments. This latter steel (steel C) is
p~orted to have low susceptibility to hydrogqn and it
hsa been demonstrated (reference 7) that it tends to mini-
mize defects when used as a bsse’for application of porcelain
enamels.

The chmical analyses of the three steels are given in
table 1 and the determined gas contents before tlie enamel-
ing treatment are presented in table 2. Table 3 gives the
batch and oxide compositions of the ground-coat enamel
hit (109-0) used for most of the experiments. This frit
W-SSselected from an earlier study (reference 8) as being
suitable for the preparation of a single-frit ~namel ground
coat. The 109-0 frit is the same as the frit E described in
reference 8 except that the 109-0 contains no adherence
oxides. The clay used in preparing the ground-coat enamel
slips was a commercial grade of Florida kaolin.

. TEST EQUIPMENT AND PROCEDURE

A schematic drawing of the collection cell, with heater,
is shown in figure 2. Two cells of this type were used, one
having a volume at 20° C of 152.3 cubic centimeter and
the other, 173.3 cubic centimeters.
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The mass spectrometer was of the type described by
Washburn, Wiley, Rock, and Berry (reference 9).

A standardized test procedure was used in each experim-
ent for preparation of spscimem, collection of gases given
off during fishscnling, and analysis of the gas sample with
the mass spectrometer. This procedure may be summarized
Ss follows:

Before beginning a given experiment, 10 steel specimens,
2 inches by % inch, were selected at random from a lsrge
supply that had been sheared from the same sheet. (In
the case of specimens of steel B, whioh were of greater
thickness, five specimens were used.) These specimens
were degrensed in an organic solvent and then pickled for
10 minutes in 5 percent by w-eightof sulfuric acid maintained
at a temperature between 156° and 159° FI. After removal
from the acid the specimens were rinsed in hot tap water for
1 minute and then dried at 212° F for 15 minutes. Immedi-
ately after cooling to room temperature the specimens were
co@ed by dipping in a slip (less than 48 hr old) of the E-1
coating that contained:

ml
FTltIN---------------------------------
FlOrIdB tic---------------------------- 10

rmd that wss prepared in the following manner:
M.illing time in lquart jar mill, h.----------.-----.------- 1)4
Milling fineness, percent on 20D-mmh sieve---------------- -_ 0-8
Application thickness, ~-------------------------------- 46

The specimens after dipping were dried at 230° F for 15
minutes, then fired for 4 minutes at 1550° F (4X min for the
heavier specimens of steel B). As soon as the specimens
had cooled suiiiciently for handling they were removed
from the firing rack and quickly placed in the collection cell
shown in figure 2. Joint C (see fig. 2) was sealed and the
pressure in the cell was reduced by connecting through
joint A to an 18-inch-&ameter bell-jar reservoir which in
turn was connected to an oil diffusion plunp. The pres-
sure in the bell jar before connecting in the cell was about
1~ 10-6 millimeter of mercury. After 2 minuk Stipcock

B w-asclosed at which time the pressure in the collection cell
had usually dropped to about 0.2 millimeter of mercury.
The heater E was tien energized and the temperature of the
specimens raised to 338° F (170° C) in approfiately 30
minutes and maintained at this value within +4° F for 17
hours. This temperature was the same as that used by
Darken and Smith (reference 10) for removal of hydrogen
from st~el. After cooling the system to room temperatnro
a final pressure measurement was recorded, stopcock D was
closed, and the inclined merc~ manometer -was discon-
nected from the ays@m. The collection cell with the’ speci-
mens still in position then served as a sample tube for the
maw spectrometer.

In the m--spectrometer analysis the collection cell was
first connected into the analyzer through joint A. TV’hen
the pressure in the analyzer had reached approtiate.ly
1x10-6 millimeter of mercury, stopcock B was opened.
The malysis of the various gsses was then made by recog-
nized procedures. The iinal result showed the content of
each gas present in the sample in mole percent. From tlwe
data the mole percent of deutarium in the total hydrogen
gas was computad.

The volume of hydrogen gas at standard conditions pm
100 grams of steel wss computed from the following equation:

“=(;)(%)(%2)

where W is the weight of the steel, H is the percent by
volume of hydrogen in the gas, o is tie volume of the cell
not occupied by the specimms, P2 is the iinal pressure in
millimeters of mercury, PI is the initial pressure in mill-
imetersof mercury, Ti is the iinal absolute temperature, and
j!’, is the initisl absolute temperature. .

METHODS OF INTRODUCING HEAVY WATER

~ obtaining the data sho~ the relative importance
of the several sources of hydrogan, the pickling treatment,
the application of the enamel, the collection of gases after
enameling, snd the analysis of the gases with the mass
spectrometer were all carried out in accordance with the
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standard procedures previously outlined. The only varia-
tion in these procedures came, for any given experiment,
at that point in the process where it was necessary to
substitute heavy water for regular water in order to evaluate
the relative importance of a particular source. The fol-
lowing is a summary of the methods used to accomplish the
substitutions. Only one substitution of h6av-y water for
ordinary water was used in any experiment.

Aoid piokling,-Heavy water was substituted for regular
water in the 6-percent-sulfuric-acid solution. Deuterium
sulfata, however, was not substituted for the sulfuric acid.g

Milling water,—Heavy water was substituted for the
ordinary water used in preparing the enamel slip. The
resulting slip was used witl@ 48 hours after milling.

Quenohing water.—A standard batch of the 109-0 frit
was smelted by normal procedures in a small pot furnace.
Part of this batch was quenched in regular water while a
smrdlpart was quenched in heavy water. The part quenched
in heavy water was then used in preparing the enamel slip.

Water in clay,—Only a few references could be found in
the literature relative to methods for dehydrating clay from
which the chemicrdly combined water has been removed by
hinting. h~ost investigators who have accomplished the
rehydmtion have used steam preemres of the order of 75
atmospheres. Schachtschabel (reference 11), however, re-
ported that clay could be dehydrated if held at low prewures
for long periods rmd this was the method adopted. The
following procedure was used:

The Florida kaolin was fit heated in shallow refractory
boxes for 24 hours at 1000° F. This dehydrated clay was
placed in platinum dishes and covered with heavy water.
The dishes were then placed in an autoclave which contained
additional heavy water and heated at 250 pounds per square
inch (406° F) for 300 hours. The clay samples (a) before
Lrefttment,(b) after heating, and (c) after autoclaving were
all examined by X-ray diffraction, by electron d.if?raction,
and with the electron microscope. Weight-loss determina-
tions were also made and these showed that the autoclave
Lreatment accomplished an 80-percent dehydration of the
clay moIecule.4

Figure 3 shows the electron diffraction patterns and the
electron micrographs. The electron diffraction patterns of
untreated kaolin indicated a normal kaolinite structure
while the heated sample gave a pattern typical of a dehy-
drated kaolinite. The dehydrated or deuterated clay, after
removal from the autoclave, gave the normal kaolinite pat-
tern but apparently had a smaller crystal size than the
original material. Tl& particular clay was unusual for a
kaolin in that it showed small and poorly defined kaolinite
crystals when examined with the electron microscope. A
careful examination indicated practically no alteration in
the appearance of the kaolinite fragments resulting from the

~StcolII, aftertheatanderdPlc!dngtreatmentIn theadd-heavy-waterxdutfon,wm
foundtowntnlnamlndedhydrogenwh[chcmWtw3of 78molepomentdoutwinmendm
molopercentpmtlum.

JThe bmvy water content of the trestd clay wu obtdned tbmagb armlysls ofa gas mrnplo
whlob was mlkded hy bentlng tbedsy te K03” F ln,a prtlrdvacmmn. Theenelyshabowod
that tic wok fmctlon mntalnd M3 mole percent hmvy water end63.7molep?imzntrsgnhu
water.

dehydration. Thus, the dehydrated crystals may be con-
sidered as pseudomorphs of the original kaolinite. This
observation is in keeping with the’ iindinga of Eitel, Muller,
and Radczewski (reference 12).

When the Florida kaolin containing the heavy water was
used in the preparation of the mill batch, the amount added
was increased by the ratio 100:80 to compensate for the
lower water content of the dehydrated clay.

Dissolved water in frit.-Although it is well-known that
the dissolved water in glasses may be removed by melting
in vacuum, insofar as could be determined, no one has at-
tempted to resaturate ii glass after removal of the water.
The method devised by the present authors was as follows:

A 300-gram quantity of the normally smelted 109-0 frit
was placed in a olay crucible which in turn was placed in
the furnace shown by the schematic drawing in figure 4. A
vacuum of 4 millimeters of mercury was applied and the
crucible heated to 1850° Fin 20 minutes. After 30 minutes
in the temperature range of 1850° to 1875° F, the power was
shut off and the furnace allowed to cool to room temperature.
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The vacuum w= then releksed. After removal of the cru-
cible, the frit was cracked a-way from the crucible and
pulverized. This pulverized material was placed in platinum
dish= and covered with heavy water. The dish= were
then placed in m autoclave with additional heavy watrq
and heated for 3 hours at 406° F (250 lb/sq in.). The
material was then dried for several hours at 230° F after
which it was quickly charged into a clay crucible maintained,
at 2150° F in an electrically heated furnace. After 15
minutes’ heating; the crucible was removed horn the furnam
to cool in air. The remlting frit, ,,which was practically
bubble-free, was separated horn the crucible material,
crushed to pas-sthrough a 16-mesh sieve, and then used as
the frit ingredient in the E-1 mill batch. -

RESULTS

Table 4 gives the results of several blank determinations.
Table 5 lists the total volume of hydrogen collected in each
experiment per 100 grams of steel, the mole percent of
deuterium in the hydrogen gas collected, amd the relative
importance of each source.

Figure 5 is a chart showing the mole percent of deuterium
in the hydrogen gas collected from each of the several ex-
periments. The values used in prepming this chart are the
averages of the individual values for steel A and steel B.

.
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CONFIRMING EXPERIMENTS

FISEfSCALINCi ANDLIFTING

The results with deuterium as a tracer showed that the
dissolved water in the frit was by far the most important
source of defect-producing hydrogen. 1310rconfirmation of
this hli.ng, a second means of evaluating the effect of the
dissolved water was believed desirable. The method used
was to apply the 109-0 frit to steel specimens (a) in the
normally prepared condition and (b) with the dissolvod
water entirely or mostly removed. After firing, the coated
specimens were examined for lifts 5 and f3shsc&s.

It should be emphasized that in these experiments tho frit
as such was applied without the use of the customary clay,
water, and other mill additions. .This was accomplished by
fit dry grinding the frit and then suspendin~ the resulting
powder in water-free Ethyl Cellosolve. The suspension was
applied by spraying. The specimens, after drying, were
Iired for the normal time (4 min for steels A and C and 4X
minfor steel B) at 1550° F.

When the frit as normally prepared was applied to speci-
mens of steels A and B by this procedure pronounced lifting
and fishscaling resulted. Figure 6(a) shows the appearance
of the surface for steel A while figure 7(a) represents the
appearance for steel B. Specimens of steel C showed no
lifting or iishscaling when this same frit was applied.

Figures 6(b) and 7(b) represent specimens of steels A and
B, respectively, coated with frit 109-0 that had been vftcuum-
melted to removed dissolved water. It is significant that
no lifting or iisbmaling is evident in either steel. Inasmuch
as pronounced lifting and fisbscaling occurred when the nor-
mally prepared frit was applied, whereas neither of these hy-
drogen defects appeared when the dissolved water was re-
moved from the fit by melting in vacuum, it seems safe to
conclude that the dissolved water in the frit waa responsible
for the defects in figures 6(a) and 7(a). This conclusion is
further substantiated by figures 6(c) and 7(c). In this cam, “
the 109-0 -frit that had been melted in vacuum was dehy-
drated with heavy water e by the method previously out-
lined. The frit after this treatment again contained dis-
solved water and once again the pronounced lifting and
fishs&ding occurred.

In other experiments, @ attempt was made to’ preprure
the 109-o frit in such a manner that it would initially con-
tain little or no dissolved water. The raw batch materials
were first weighed out and mixed and then slowly heated in
a clay crucible to 500° F. After 20 hours at this tempera-
ture, which was believed sufficient to remove practically all
of the water that wa9 initially present in the raw mfbterials,
the mixture was charged without cooling into a crucible
maintained at 2150° F in an electrically heated furnace.

sIntbfd~P a Ilft refers to a vidble sqmratfon of the exmmolfayor fmm tho rmrforlyfng
metal. =W@@t@y_h&6ti~m@whkofhy*n tbatform
Mm-em the sbl and the cmtfng leyer. As more gas comm ont of tho steel wftb mntlnucd
Egfngthe m-=m-o.~~mt~ mass untfl tbe @nt la rmoheif whom tho ermmol fiw
tmw Other fnvestfmtom (references 1 to 3) Imvo domonatmtod tlmt the go9 mmlng from
the fmctm-ej m rldtwid~ ie meetly hydrogen

C’l?hertamnfr ltrehydmtdwf thhmvywoterwososed vi’mbenwo euobfritmwnkeody
avaffablo Irom &%rfkeqmriments

.
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After a normal smelt, part of the batch was quenched on a
heat-resistant aIIoy and the remainder -was quenched in
~ater. When the resulting frit was applied to the two
steels, moderate lifting and iishscaling resulted. There
was only a small difhrence between the hit quenched in
water and the frit quenched on the heat-resisting alloy, the
former showing a somewhat greatar number of defects.
Specimens prepsxed from frit quenched in water are illus-
trrttedin figures 6 (d) and 7 (d). It will be noted that lift-
ing and fishscrding are not so common as on the specimens
prepared from the normally smelted frit (figs. 6 (a) and 7 (a)).
These results indicated that the special smelting treatment
resulted in n frit of reduced water content. On the, other
hand, it is obvious from the photographs that the special

.

smelting treatment was not so effective in reducing the water
content of the frit as WS9remelting in vacuum.

B=OILING

In the reboiling experiments frit 109-0 was preprwed
according to the formulation given in table 3 except that
adherenm oxides were added. After smelting, the frit
contained 0.60 percent cobalt oxide and 1.94 percent man-
gmese dioxide. Approximately 300 grams of this frit was
then melted in vacuum with the same equipment and
procedure as described earlier.

The resulting hit was dry-ground and applied to speci-
mens of steels A and B by sprnying from a Cellosolve sus-
pension. After normal firing at 1550° F the specimens



—.—— ..___________ —. --- .-

276 RDPORT 112&NATION& ADVISORY’ COblMITTDB FOR AERONAUTICS

(a) (b)

(c)
.

mo

‘“ L-79195
(e) Normeuy prqmred h-k

(b) Same frft es shown h (8) aftwveamm melting 03remove disselvwl wati.
(a) Vaamrn-melted hit that wea .vnWeqnontly antoilavwl with hmvy water emd

then remelted.
(d) Seine M 8s shown fn (e).except prqmred from debydmted raw meterfels rind

melted in -C ratk than *M fnrnme.

Ffwmm 7.-S@m&3Is of 1OW-EAIIIIllabsmlfngstml B CJXItedwith a grennd-xet fi+t eon.
- IIIJafi-ca oxfdes. I-&Mereasamsxmmtlouaat interfaman.. by hwfmaon
evcdnt[on.

were placed over an oxygas flame and small areas heated
beyond the reboil temperature (about 1050” 1?). Careful
observation showed no reboil on either steel with this
vacuum-melted frit while the untreated frit applied by the
same procedure showed considerable reboil on steel B and
slight reboil on steel A. When the vacuum-melted frit
was prepared as a shp with clay and water and applied to
the specimens, steel B showed slight reboil while steel A
showed none.

DISCUSSION OF REStiTS

In the present study most attention was given to flsh-
scales. It should not be inferred horn iih.isfact that the
authors necessmily considar the other phenomena caused
by hydrogen to be of lesser importance but rather. that the

experimental techniques were more adaptable to tlm fish-
scale type of defect. If reboiling rather than fishsctding
had been used as a tool to determine the relative importance
of the various sources of hydrogen, it is believed that the
results would have been substantially the same. l’lmt
such may be the case was demonstrated by the reboil
experiments.

The fishscaling tests with deuterium used as a trncw
showed the dissolved water in the tilt to be the principal
source of hydrogen evolved from the coated steel, Accord-
ing to this finding, avoidance of the dissolved water in tho
frit ahotid. eliminate most of the hydrogen horn the system
and thus make it possible to prepare specimens that would
not reboil. Tests described in this papa showed this to be
the case:
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The method devised for collecting the gas given off dnr-
ing fishscaling gave samples that were diluted both witi
residual air and with gases released by the enamel and by
tlm Pyrex glass surfaces of the collection cell. In table 4
only the evolved gases are listed; nitrogen and oxygen were
rwsumed to have originated from residual air and are not
included in the analyses. The table shows that the absorbed
gm given off at 338° F by the glass surfaces of the collection
cell was very small. The gas consisted mostly of water.
With chips of coating material in the cell, water vapor was
agnin the principal gas but the carbon-dioxide content
increased. A trace of hydrogen was also present.

In the tracer e.speriments,summarized in table 5, residud
air and absorbed gases were also present to dilute the
sample. The important data in these tests, however, were
the values for the mole ratio of deuterium to protium and
this ratio was not affected by the dilution.

The finding that the dissolved water in the frit is the major
source of hydrogen is in keeping with the belief of Hoff and
Klarding (reference 13). It also agrees with what might be
predicted from the work of Miller and Sweo (reference 14),
who experimented with fused masses of iron powder and
porcelain enamel constituents. These authors found that
partial removal of the dissolved water from the frit by heat-
ing in dry nitrogen to 350° C (662° F) decreased the gas
(hydrogen) entrapped in the fused m-. The same authors
also reported that the water removed by the dry nitrogen
tm.mtmentwas 0.30 percent by weight. This is equivalent
to 372 cubic centimeters of water vapor at standard condi-
tions per 100 grams of frit. Dalton (references 15 and 16)
reports a maximum of 94 cubic centimeters per 100 grams
for borosilicate glasses as determined by the vacuum fusion
method, while the maximum reported by Hahner, Voight, ”
and Finn (reference 17) for borosilicate optical glasses was
49 cubic centimeters per 100 grams of glass.

Dalton (reference 15) states that borosilicate glasses as a
class contain more water than nonborosilicates. Ground-
coat enamels are normally higher in boron oxide than boro-
silicate glasses; hence it is conceivable that ground-coat
mamels could contain appreciable amounts of water. The
clataof Miller and Sweo (reference 14) point in this direction.

Calculations show that the total amount of enamel on the
10 specimens of steel A during any one experiment averaged
about 6.6 grams. Assuming the water content of the enamel
to be 0.3 percent by weight, 24 cubic centimeters of hydrogen
could be formed if all of the dissolved water reacted with
the steel. The fact that the maximum amount recovered
in any of the tests was 0.8 cubic centimeter indicate-s the.
possibility tiat only a small part of the dissolved water
reacts with the steel during a normal iiring. Additional
reaction could occur on successive iirings and during each
of these firings the steel could become recharged with hydro-
gen. Thus, reboiling might be expected to occur after each
successive firing until the water content of the enamel had
been depleted by reaction with the steel. King (reference
18) found that after 23 to 26 beatings no further reboil took

.

place. He also found if a ground-coated specimen is fired
in vacu~, it will not reboil in any subsequent firing. These
results as well as the reboil experimentsreported in this paper
indicate that the dissolved water in the enamel is the major ,
source of the hydrogen responsible for reboil.

Determination of the water content of the various frits
was beyond the scope of this investigation. It was hoped
that the vacuum melting would remove practically all of the
original water from the 109-o frit and that the autoclave
treatment followed by rapid melting would successfully re-
store a comparable number of moles of deuterium oxide.
Figures 6 and 7 show a comparable degree of lifting nd fih-
scaling for the frit that had been dehydrated after vacuum
melting and for tho normal 109-0 frit. This would indicate
that the water contents of the two friiw were of the same
general order of magnitude but giv= no indication whether
the regular water had been completely replaced with heavy
water. That such a replacement may not have been ac-
complished is indicated by the data listed in table 5. These’
data show the pickling treatment,” the mill@ water, and
the clay to be very minor sources of hydrogen and of little
signiihmce when compared with the dissolved water in the
frit. If this is the true picture then, when a frit was used
in which regular water was replaced by heavy water, the
resulting gas sample should have shown the hydrogen to
consist almost entirely of the deuterium isotope. Actually,
in the two experiments performed with the deutemted tit
the mole percent of deuterium was 53.5 and 52.9. These
results”imply that the water in the frit had not been com-
pletely replaced with deuterinm oxide.

To investigate whether such was the case, a sample of the
deuterated frit was melted in vacunm in a closed system
that had previously been degassed. A sample of the result-
ing gas was then reduced by use of a hot tung%tenfilament.
This reduction was necessary because the mass spectrometer
dow not readily separate the two isotopes when they are
present iri the form of water. After the reduction only
tmces of wai%r remained, the sample consisting, for the
most part, of protium, deuterium, and cmbon monoxide.
The mww-spectrometa analysis when converted back to
water, heavy water, and carbon dioxide showed the follow-
ing mole percentages of these constituents in the deuterated
frit:

H,O---------------------------------------------------- 46.3
D,O_--__------------_ -_----, --------------------------- 37.7
col------------- --------------------------------------- 16.0

One explanation for this unexpectedly high content of
regular water in the deuterated frit is tie possible presence
of residual water in the frit after the vacuum melting.
Figures.6 and 7 show that the’ 109-0 frit when melted in
vacuum did not cause lifting or ilshscding when applied to
steels A and B. This implies a large reduction in the dis-
solved,water content but does not necessarily prove that all
of the &solved water had been removed. There may be a
critical value below which the water or hydro~l group is so

!
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tightly bound in the glass structure that no reaction will
occur with the steel during the - process. When deu-
terium oxide was introduced, the water content as such
increased and the deuterium oxide became diluted by the
residual water present in the sample. ● ‘

Regardless of the contamination of deuterium oxide with
residual water, the experiments showed the predotiant
importance of the dkolved water in the fit as compared with
the other sources of defect-producing hydrogen that were
investigated. In view of recent work on hydrogen in steel,
this linding is not snrprisii. Darken and Smith ,(reference
10) found that heating at 170° C (338° ~ removed 90 per-
cent of the hydrogen that had been introduced into the steel
during acid pickling. Thus, practically all of the hydrogen
initially prwent in the steel, as well as that introduced during
cleaning operations, would be cmpected to leave the steel
before the enamel fuses over. Hydrogen introduced at
fiing temperatures, on the other hind, has a tendency to
!remainin the std. Smith (referwme 4) stata that there is
a po=ibility that metal which has been saturated at high
temperaturesmay r6tain extra hydrogan, over and above the
saturation limit (see ~. 1), if it has been rapidly cooled.
Smith also states that this seems h occur in the case of iron.

A retention of this type is in keeping with the fidings of
Dmcis, IKeeler, and Chu (referenca 19). These authors
found that when a ground-coated specimen was cooled
slowly by any of sevend prescribed s&@des no lifting or
fishscaling resulted. When coated specimens are cooled
slowly, they believe that tie hydrogen comes out of the
steel to react with iron oxide at the interface forming water
and reduced iron and that the water in turn is d.k-solvedby
the enamel glass. They infer that this reduction reaction
and the solution of the resulting water into the glass structure
may occur at temperatures as low as 392° F. The results
of the present study with enamel, applied to the nonfish-
scaling titanium-bearing steel indicate that such a hypothmis
is unnecessary inasmuch as table 4 shows that hydrogen is
capable of diflusii through the glass layer at temperatures
as low as 338° l?. &i additional test was made in which
coated specimens of steel B -were placed in the collection
cell while still hot. Practically no lifting or fishscd.ing
resulted, yet a normal quantity of hydrogen was collected,
again demonstrating that hydrogen is capable of dif&ing
through the ghya under these conditions. Reperk in the
literature that hydrogen will not &&use through glass in
any significant quantity at such low-temperatnre9 (reference
20) refer to molecular hydrogen. It should be pointed out,
however, that, in the enamel-steel system, the hytiogen
diflisiig through the enamel layer might be in the atomic
or possibly even the ionic state.

Several authors (referau’ces 14 amd 19) have ascribed
considerable importance to the chemically combined water
in ‘the clay used for suspending the enamel slip. The
present work idicates that the clay is only a minor source of
hydrogen. The chemically combined watei is raleased by
the clay molecule at temperatures as low as 1000° F ad, if
the enamel is applied at a normal thiclm~, the water may be

mostly expeUed before the enamel fuses. Before fusion the
enamel sbmcture is open and the steam that evolves from the
day escapes inta the furnace atmosphere with very littlo
chance of a high concentration at the steel surface. The,
large eilect of clay noted by Miller and Sweo (referenco 14)
could have been due to the relatively large mass of their
samples. In their work, the enamel undoubtedly fumd
before the clay molecule was completely dehydrated,

The water taken up by the enamel during milling is shown
in table 5 and figure 5 to be of minor importance. Tho water
that is picked up is possibly present as a thin gel iilrn around
each frit particle. This gel would become dehydrated in tlm
early stages of iiring without contributing significantly to
the dissolved water content of the frit.

It was expected that the quenching water would have a
larger ‘effect than was actually found. ‘l%e pouring of tlm
molten glass into cold water should presant”ample opportu-
nity for water absorption. The tiding that this operation
w-as of minor i.importanceindicates that the molten glw~
may not be in contact with water for a suilicient tinm to
absorb my appreciable quantity of water. If the glasd
was completely.free of die-solvedwater at the time of pouring,
however, the effect of the quenching water might be mom
pronounced.

Tn considering these data, it should be pointed out that
according to the outlined procedure each variable was intro-
duced into a system that already contained all of the other
possible sources of hydrogen. For example, when tlm
deuterated clay was introduced, regular hydrogen could have
been contributed in the same experiment not only by the
dissolved water in the frit but also by the quenctig water,
the milling water, and the pickling ncid. This proceclum
was selected in order to obtti an estimation of the relative
importance of the various sources. If a water-free frit had
been used, however, the results might have bek entirely
d.iiferent. For example, the present work shows clay to be of
minor importance. If, on the other hand, the cl~y had been
introduced to a system containing a frit free of dissolved
water, then it is conceivable that the unsaturated frit could .
have a strong ailinity for any water with which it came in
contact. Under such conditions, the water given off by the
cJay might be assimilated by the semimolten frit and this
water could in turn react with steel at the higher tempera-
tures to form hydrogen. That some such mechanism might
be active was indichted by the reboil experiments. When
steel B was coated with frit 109-0 that had been melted in
vacuum no reboiling occurred. Yet, when clay was added
to this same frit and the batch milled with water, reboiling
did occur. These results would indicate that,’ if an enamel
is desired that is completely free of reboil and iishscaling
tendencies, it maybe necessary to remove ill water from tho
system whatever its source.

Table 2 shows n~ hydrogen in steel C (titanium bearing)
w received. This observation of itself does not prove that
hydrogan mot enter the structure of a titanium-bearing
steel. It may mean only that this particular steel has rm
open fit structure. Because of this structure, the hydrogen

,
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that enters the steel at eJevated temperatures may come out
readily during cooling rather than becoming dammed up in
“lake rifts” of the types postulated by Davis, Keeler, and
Chu (reference 19). That some hydrogen is introduced into
the titanium-bearing steel during enameling operations is
evident from the data in table 4, although the quantity of
hydrogen expelled during the treatment at 338° F was much
less for steel C than that given off by the two low-carbon
steels A and B (see table 5).

The attempt to prepare a wa~er-free frit by using dehy-
drated raw materials and smelting in an electric furnace was
not completely successful. Some water may have been in-
troduced into the frit through traces of residual water in the
“dried” raw materials or through traces of water vapor in
the ~tmosphere of the smelting furnace. Suf6ciant improve-
ment was noted, however, to indicate that a method of this
type s~ows promise.

The desirability of using a ground-coat frit be of dis-
solved water is believed obvious. The present data indicate
that a coating prepared from such a frit and with all other
water removed horn the system should be free of reboil,
fishscaling, and possibly primary boil. The use of a tita-
nium-bearing steel appears to eliminate reboil and ~-
scaling, but primary boil if it is caused by hydrogen would
be espected to occur in titanium-bearing steel just as it
does in the others. The use of a water-free enamel should
help materially to eliminatehydrogen-caused defects not only
,with porcelain enamelsbut also with vitreous-type ceramic
coatings. In ceramic coatings complete coverage is of
course essentialfor the optimum protection of the metal.

CONCLUSIONS

The relative importance of various sources of defec&pro-
ducing hydrogen in the enameling process was determined
by tracer experiments with a selected ground-oat enamel
applied to mveral low-carbon steels. Additional experiments
in which the presence or absence of lifting, flshs@ing, and
reboiling served as criteria confirmed the tracer work in
general. From the rw.dte of this investigation, the follow-
ing conclusions may be drawn:

1. At the conditions investigated, dissolved water in the
frit is the principal source of defect-producing hydrogen.

2. In normal enameling operations, chemically combined
water in the clay, milling water, quenching water, and acid
pickling are minor sources of hydrogen. However, if fit
free of dissolved water is used, these sources may increase
in importance.
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TABLE 1
CHEMICAL ANALYSES OF THREE STEELS

:&R&&”w$$==s~*% .3*NB,.
~Nomfnaf nnolyds IMed by Inland Steel CO.in advertls@ fftemtm’o pubfiskl fn 1949.

TABLE 2
GAS CONTENTS OF THREE STEELS
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TABLE 3
BATCH AND COMPUTED OXIDE COMPOSITIONS OF

109-0 FRIT

(a) Batch wmpmftion
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TABLE 4
.VOLUME OF GAS COLLECTED .AND ANALYSES OF EVOLVED

GASES FROM DETERMINATIONS MADE WITH COLLIIC-
TION CELL EMPTY, WITH SPECIMENS OF COATED
STEEL C IN CELL, AND WITH CHIPS OF COATING MA-
TERIAL IN CELL
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TARLE 5 ,
VOLUME OF HYDROGEN GAS COLLECTED AT 33S0 F, MOLE

PERCENT OF -DEUTERIUM IN HYDROGEN, AND RELA-
TIVE IMPORTANCE OF INVESTIGATED SOURCES OF
DEFECT-PRODUCING HYDROGEN IN STEEL
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